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Abstract
Considering the mechanism of dissipative slow-roll that has been used in
warm inflation scenario, we show that dissipation may alter usual cosmological sce-
narios associated with SUSY-flat directions. We mainly consider SUSY-flat direc-
tions that have strong interactions with non-flat directions and may cause strong dis-
sipation both in thermal and non-thermal backgrounds. An example is the Affleck-
Dine mechanism in which dissipation may create significant (both qualitative and
quantitative) discrepancies between the conventional scenario and the dissipative
one. We also discuss several mechanisms of generating curvature perturbations in
which the dissipative field, which is distinguished from the inflaton field, can be
used as the source of cosmological perturbations. Considering the Morikawa-Sasaki
dissipative coefficient, the damping caused by the dissipation may be significant for
many MSSM flat directions even if the dissipation is far from thermal equilibrium.
1matsuda@sit.ac.jp
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1 Introduction
Inflation has been considered as an important cosmological event in the very early Uni-
verse. In most models of inflation, a scalar field (inflaton) rolls slowly during inflation and
the vacuum energy associated with the inflaton potential is responsible for accelerating the
expansion of the Universe. Since the primeval radiation rapidly red-shifts during inflation,
the Universe during inflation would be cold.2 Reheating after inflation is thus required to
recover the hot Universe. However, if there are interactions between inflaton and other
fields, the radiation background during inflation may not be completely red-shifted away
and the Universe may be warm during inflation. The warm scenario is based on the idea
that the dissipation sources radiation and raises the temperature during inflation. The
scenario with the dissipating inflaton field is known as warm inflation[2]. If the inflaton
is dissipative, the equation of motion is given by
φ¨+ 3H(1 + r)φ˙+ V (φ, T )φ = 0, (1.1)
where the subscript denotes the derivative with respect to the field φ. The strength of the
damping is measured by the rate r given by the dissipative coefficient Υ and the Hubble
parameter H ;
r ≡ Υ
3H
. (1.2)
Here the effective potential of the field φ may depend on the radiation temperature T ,
and thus the potential is expressed as V (φ, T ). The dissipative coefficient Υ of the infla-
ton, which is related to the microscopic physics of the interactions, leads to the energy
conservation equation;
ρ˙R + 4HρR = Υφ˙
2, (1.3)
where ρR is the energy density of the radiation and the right hand side (Υφ˙
2) represents
the source of the radiation. Scenario with r > 1 is called “strongly dissipating warm
inflation” and the one with r < 1 is called “weakly dissipating warm inflation”. A very
confusing situation would be that inflaton is slow-rolling because of the strong dissipation,
while the radiation redshifts away because the thermalization process cannot catch up with
2The Hawking temperature is intrinsic to de Sitter space. Non-thermal background is considered when
the Hawking temperature is not significant for the dissipation mechanism[1, 2].
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the rapid red-shifting. Although inflation is not “warm” in this peculiar situation, the
scenario is sometimes classified into strongly dissipating warm inflation. According to
this classification, “warm direction” in this paper involves strongly dissipating field that
evolves in a cold (T ≃ 0 and ρR ≃ 0) Universe.
If we consider the dissipative field equation, the effective slow-roll parameters should
be different from the conventional ones. They are given by
ǫw ≡ ǫ
(1 + r)2
,
ηw ≡ η
(1 + r)2
, (1.4)
where the usual slow-roll parameters (ǫ and η) are defined by
ǫ ≡ M
2
p
2
(
Vφ
V
)2
,
η ≡ M2p
Vφφ
V
. (1.5)
Here the subscript denotes the derivative with respect to the dissipative field φ.
To quantify the dissipative coefficient, it would be useful to list some past results
in different models[3]. The dissipative coefficient may depend on the temperature T
and the expectation value of the inflaton field. Considering interactions given by the
superpotential
W = g1ΦX
2 + g2XY
2, (1.6)
where g1 and g2 are coupling constants, and Φ, X, Y are superfields whose scalar com-
ponents are given by φ, x, y. Fermionic partners of the scalar components φ, x, y are
ψφ, ψx, ψy. During inflation, when φ is large, the field y and its fermionic partner ψy are
massless in the global supersymmetric limit. The mediating field is x, which obtains large
mass mx ∼ g1φ from the interaction. In this model the dissipation is caused by the exci-
tation of the mediating field x that decays into massless fermions. At high temperature
(mx ≪ T ) the dissipative coefficient is given by Υ ∝ (g21/g22)T , while at low tempera-
ture (mx ≫ T ) the coefficient is given by Υ ∝ g42(T 3/φ2). In addition to the dissipation
in thermal background, there may be significant dissipation in non-thermal background.
In fact, considering the basic mechanism of black-hole radiation in the time-dependent
background, it is straightforward to find that the similar mechanism leads to the coherent
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excitation of the mediating field, which appears in the zero-temperature Universe and
contributes dissipation due to the time-dependent mass caused by φ˙ 6= 0. Dissipation
in the non-thermal background was studied by Morikawa and Sasaki[1], and later it was
found that in the presence of the mediating field the dissipation gives Υ ∝ g31g22φ for
T = 0[1]. In this paper we consider Υ ≃ CTT 3/φ2 for the dissipation after reheating
(low T , in the region where Morikawa-Sasaki coefficient is negligible) and Υ ∝ φ for the
dissipation during inflation (zero T , when Morikawa-Sasaki coefficient is significant).
In past studies the dissipative slow-roll has been considered for warm inflation. How-
ever, a natural expectation is that similar phenomenon (dissipative slow-roll) may be
observed in the evolution of other scalar fields if there are many scalar fields in the theory.
Based on this simple idea, we address the generic situation where many scalar fields in the
early Universe dissipate their energy during or after inflation. Thermalization condition
of the decay products would be a serious problem if we discuss warm background during
inflation; however it is not important in just solving the slow-roll problem using the dissi-
pative motion in non-thermal background. Thermalization of the decay products during
inflation (which is required for the warm background) would enhance the dissipative co-
efficient, but we modestly put an assumption that the thermalization is not significant
during inflation.3 Some implications beyond this assumption will be discussed in this
paper for the enhancement of the field fluctuations for T > H during inflation.
The most important topic in this paper is the dissipative motion of a scalar field that is
not identified with the inflaton field. For the scalar field, we consider SUSY-flat direction.
First note that supersymmetric gauge theories appear with gauge invariant polynomials
along which the classical scalar potential in the global supersymmetric limit vanishes.
These polynomials are related to the so-called flat directions of the supersymmetric theory.
Flatness of the direction is not exact if supersymmetry is broken by soft terms, or non-
perturbative corrections lift the potential. Within the minimal supersymmetric standard
model (MSSM), the classical scalar potential is given by the sum of the F and D term
contributions. Although the MSSM flat directions are usually parameterized by gauge
3Analytic calculations of dissipation are usually performed in the region φ˙
φ
< H < Γd, where Γd is
the decay rate of the mediating field. Dissipation beyond the above condition (e.g, preheating) may be
important, but it occurs when the slow-roll conditions are violated[4, 5].
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invariant monomials of superfields, each scalar component in the monomial has charges
and breaks gauge symmetries by its vacuum expectation value (VEV). A generic argument
of the MSSM flat directions is obviously beyond the scope of this paper, however a simple
example would be useful to gain some insight into the dynamics related to the MSSM flat
directions. We thus consider the HuL ≡ ǫαβHαuLβ flat direction, which is a polynomial
(see the right hand side) given by the superfield of a Higgs field (Hu) and the superfield of a
lepton (L) in the MSSM action. The F-terms are obtained from the MSSM-superpotential
W = λuQHuu¯+ λdQHdd¯+ λeLHde¯+ µHHuHd, (1.7)
where the last term is the µ-term. The µ-term is usually disregarded in the calculation of
the flat directions because µH is of the order of the soft mass. The flat direction associated
with HuL is
Hu =
1√
2

 φ
0

 , L = 1√
2

 0
φ

 , (1.8)
where φ is a complex scalar field that parameterizes the flat direction. Note that the flat
direction interacts with other scalar fields, gauge bosons and fermions. Note also that
φ 6= 0 gives mass to other directions through Yukawa couplings in the superpotential, as
well as to gauge bosons. The neutrino mass is not explicit in the MSSM action, but it
would be natural to expect that neutrinos are effectively massless in the early Universe.
Besides neutrinos, there would be fermions to which mediating field (scalar fields or gauge
bosons that obtain mass from the direction φ 6= 0) can decay.4
A very confusing property of the flat directions would be that they are not flat in
the early Universe. The flat directions, which are flat in the global supersymmetric limit,
will obtain O(H) mass from the supergravity corrections. This is the famous η-problem
that appears in supersymmetric inflationary models. It would be possible to forbid such
corrections introducing symmetry, but our modest assumption is that flat directions are
not flat due to the supergravity corrections.
Any field in the early Universe has two distinctive types of evolution. Non-dissipating
evolution has been studied by many authors for many applications. Significant results
4 A more interesting case was discussed in ref.[29], where the gravitational decay into gravitinos is
efficient for the dissipative slow-roll in a supersymmetric hybrid inflation model.
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have been obtained for the Affleck-Dine mechanism [6, 7, 8] and the formation of Q-
balls[9, 10] using non-dissipating directions. Unfortunately, dissipative slow-roll has not
been studied for such models. In addition to the Affleck-Dine mechanism and Q-balls,
dissipative motion may be important for models of generating curvature perturbations,
even if the dissipative field is not the inflaton field. In fact, the creation of the curvature
perturbations may be due to entropy perturbations of a light field that is distinguished
from the inflaton. Such mechanism can be associated with fluctuations of the phase
transition[11, 12, 13, 14] or to fluctuations in the ratio of the energy densities[15, 16, 17].
The curvature perturbations may be generated from fluctuations of the inflaton velocity
caused by entropy perturbations, which in terms of the δN formalism[18, 19] explains
the creation of the curvature perturbations at the “bend” of the trajectory. The effect of
warm entropy field5 has not been studied for the evolution of the curvature perturbations,
except for a multi-field model discussed in Ref.[22]. Taking into account the dissipative
motion of these scalar fields would alter the cosmological consequences of the scenarios.
Since cataloging these applications is not appropriate for the purpose of this paper, we
first explore the typical situation of the Affleck-Dine mechanism using the dissipative
MSSM-flat direction, and then discuss briefly other possible applications of the warm
scenario.
2 Warm directions
2.1 Dissipative AD field for the AD baryogenesis
Evolution of a flat direction depends on the shape of the potential. We consider the
typical form of the potential:
V (φ) = VI +
cs
2
m2s|φ|2 +
cH
2
H2|φ|2 +
(
λsms + λnH
nMn−3p
φn + h.c.
)
+ |λn|2 |φ|
2n−2
M2n−6p
, (2.1)
where ms denotes the supersymmetry-breaking mass and c and λ with subscripts are
dimensionless parameters. As we are considering conventional flat directions, n is an
5The adiabatic inflaton field is defined for multi-field inflation so that it points the direction along the
inflaton motion. Entropy fields are defined to point the directions tranverse to the adiabatic field.
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integer greater than 4. The first term VI denotes the inflaton potential. The last three
terms originate from the typical supergravity action.
Let us first consider evolution of the AD field without strong dissipation. Following
the conventional argument, we consider potential with cH < 0 and H ≫ ms during
inflation. Then the instability near the origin leads to a global minimum at
|φ0| ∼
∣∣∣∣cHHM
n−3
p
λn
∣∣∣∣
1/(n−2)
. (2.2)
Disregarding the dissipation, the field will rapidly settle down to a minimum at φ =
φ0. The fluctuations of the field are negligible for cH ∼ 1, since the amplitude of the
fluctuations will quickly fall off. The motion in the U(1) direction, which is associated
with rotation of the complex scalar, is determined by the explicit breaking term, which
appears as the so-called A-term caused by λnH 6= 0. The A-term leads to a fast motion
in the U(1) direction, with a gap in the phase between the H-induced vacuum and the
ms-induced one. Eventually, the gap leads to rotational motion that is required for the
baryogenesis[20]. Assuming that inflaton decays when H < m3/2, where m3/2 is the
gravitino mass, the baryon to entropy ratio subsequent to reheating is given by[20]
nb
s
≃ nb
nφ
TR
mφ
ρφ
ρI
, (2.3)
where TR and ρI are the reheating temperature and the inflaton mass density, nφ and
nb are AD field and baryon number densities. Here the energy densities are estimated
at the time of inflaton decay. The energy density of the AD field (ρφ) is calculated from
the potential V (φ). Typical value of nb/nφ is O(0.1), which has been obtained in Ref.[20]
considering the field equation for the AD field φ and integrating over the angle parameter.
If the AD field is non-dissipative, the “initial” condition of the AD field is given by φ = φ0,
while for a dissipative field the mechanism that determines the “initial” condition is quite
different. The difference that appears in the “initial” condition is the main result of this
section.
When we consider the dissipation of the field motion, we must consider two distinctive
cases for the AD-field: dissipation of the angular motion and the radial motion. The
dissipation of the angular motion has been discussed for the so-called “longevity of the
AD field”. In fact, non-perturbative decay of the rotating field has been discussed by
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many authors[21]. When the effective “slow-roll” in the radial direction is simply due
to the rotational motion, the field starts to roll quickly as soon as the angular velocity
decreases through dissipation. This situation is similar to a satellite losing their energy
due to the air resistance, and it is in contrast to the dissipative slow-roll scenario. In
contrast to the “slow-roll” due to the angular motion, the dissipative slow-roll, which is
considered in this paper, is possible even if the rotational motion is strongly dissipative.6
In the presence of strong (r > 1) dissipation, the scenario of the Affleck-Dine baryo-
genesis may be quite different. The AD field may roll slowly in spite of the supergravity
corrections, and its fluctuations may become significant. To understand the dissipative
slow-roll of the Affleck-Dine field during inflation, we follow the typical treatment of the
warm inflationary scenario[2, 22], since the equations describing the AD field are com-
pletely the same as the warm inflationary scenario. We note again that the direction
associated with the field motion is flat at the tree level but obtains O(H) mass due to
the supersymmetry-breaking and the supergravity corrections. The field motion is dissi-
pative, but the field cannot cause warm inflation by itself. The AD field is distinguished
from the inflaton field. We consider evolution of the AD field both during and after in-
flation. The simplest situation is that the background radiation is negligible (T ≃ 0 and
ρR ≃ 0) during inflation, but the radiation is not negligible after reheating. Therefore,
the dissipative coefficient may be enhanced after reheating. We first consider the simplest
situation in which dissipation during inflation occurs in non-thermal background.
For the typical interaction of a supersymmetric flat direction we consider the interac-
tion Lagrangian
LI = −1
2
g2φ2χ2 − hχψ¯ψ, (2.4)
where χ is the scalar field (mediating field) that obtains large mass mχ ∼ gφ from the
flat direction φ, and ψ is a matter that satisfies the condition mχ > 2mψ for the decay
χ→ 2ψ
During inflation, when T = 0, calculation of the dissipative slow-roll parameters is
straightforward. Far from the origin, terms proportional to φn dominate the potential.
Then, using VI ∼ H2M2p and m2s ≪ H2 during inflation, the slow-roll parameters are
6Baryogenesis will be suppressed if the angular motion is highly dissipative[21]. We are not arguing
this point.
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given by
ǫw ≃ M2p
(
λnHφ
n−1
H2Mn−1p
)2
1
(1 + r)2
∼
(
λnφ
n−1
HMn−2p
)2
1
(1 + r)2
< 1 (2.5)
ηw ≃ λn(n− 1)Hφ
n−2
H2Mn−3p
1
(1 + r)2
∼ λn(n− 1)φ
n−2
HMn−3p (1 + r)
2
< 1. (2.6)
Using the dissipative coefficient in the non-thermal background, the dissipative rate during
inflation is given by7
r ∼ 10−2NχNψg3h2 φ
H
, (2.7)
where Nχ and Nψ are the effective numbers of the mediating field and the light fermions.
The effective slow-roll conditions give
ǫw < 1 → φ < φǫ ≡Mp ×
(
10−2NχNψg
3h2
λn
)1/(n−2)
,
ηw < 1 →


φ < φη ≡Mp
[(
Mp
H
)(
10−4N2χN
2
ψ
g6h4
λn(n−1)
)]1/(n−4)
(n > 4),
H < Mp × 10
−4N2χN
2
ψ
g6h4
λn(n−1)
(n = 4)
. (2.8)
where we considered strong dissipation r > 1. The strong dissipation requires
φ > H
(
102
NχNψg3h2
)
. (2.9)
From the above equations, we find that the dissipative slow-roll is common for the AD
field if the initial condition is chaotic (φ ∼Mp) and the interaction coefficients (g and h)
are not suppressed.
Our most important result is that the initial amplitude of the AD field is not always
determined solely by the scalar potential. For the dissipative direction, the amplitude of
the flat direction is determined by (1) the scalar potential, (2) the chaotic initial condition
and (3) the interactions of the component scalar fields. Note that only (1) is important
for determining the initial condition in the usual scenario.
After inflation and reheating, the dissipation may be enhanced by the thermal back-
ground. We thus consider the dissipative coefficient after reheating;
Υ = CT
T 3
φ2
, (2.10)
7See appendix.
9
which leads to strong dissipative region (r > 1) given by
φ <
√
CTMpT , (2.11)
where H ∼ T 2/Mp is assumed.8 Interestingly, the result shows that even if the Morikawa-
Sasaki coefficient is not significant (i.e. when the “initial” condition before reheating
is given by φ = φ0), AD field that starts oscillation from φ = φ0 can be trapped at
φ ∼ √CTMpT due to the frictional force caused by the strong dissipation. Note that
rotational oscillation of the AD field is important for the Affleck-Dine baryogenesis, which
suggests that the oscillation does not hit the origin (|φ| = 0) but there is a minimum of |φ|
for the oscillation. Our result shows that the minimum must satisfy the condition |φ|min >√
CTMpT during the rotational oscillation, which seems very severe for the conventional
scenario, in which the initial amplitude is given by φ0 ∼
(
cHHM
n−3
p /λn
)1/(n−2)
. In fact,
|φ0| ≫ |φ|min gives significant condition for the potential with n < 6.
If the Morikawa-Sasaki coefficient is large (r ≫ 1) during inflation, the field rolls
slowly.9 The dissipation may lead to the creation of isocurvature perturbations caused
by the AD field. In fact, since the AD field satisfies the dissipative slow-roll conditions
during inflation, the perturbations of the AD field can exit the horizon. To understand the
significance of the perturbations, it will be important to consider (temporarily) “warm”
(T > H) background during inflation. Following the standard argument of warm inflation,
the root-mean square fluctuation amplitude of the light field δφ after the freeze out is
obtained to be[2]
δφΥ>H ∼ (ΥH)1/4T 1/2 ∼ r1/4r1/2T H (Υ > H), (2.12)
δφΥ<H ∼ (HT )1/2 ∼ r1/2T H (Υ < H) (2.13)
where rT denotes the ratio defined by rT ≡ T/H . The fluctuation is enhanced for rT > 1
and r > 1. Note that in the standard scenario of the Affleck-Dine mechanism the fluctu-
ation is negligible (δφ = 0) due to the supergravity corrections that lead to η ∼ 1 during
8 Our modest assumption for the dissipative motion after reheating is that the thermalization of the
dissipative decay product is not significant and it does not become a significant source of radiation after
reheating. The evolution of the temperature T and the radiation energy density ρR is thus given by the
conventional cosmological equations.
9Following previous studies of the warm inflation scenario[1, 23, 24], strong dissipation would be robust
for SUSY flat directions.
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inflation. The discrepancy is important for the study of the isocurvature perturbations
related to the Affleck-Dine baryogenesis[8, 17].
2.2 Warm directions for curvature perturbations
In the previous section we showed that the baryon number asymmetry of the Universe can
be associated with the dissipative field. Next we consider models of generating curvature
perturbations in which the seed of the cosmological fluctuation is associated with the
dissipative field that is distinguished from the inflaton field.
2.2.1 Curvatons
Assume that there are many components in the Universe, such as vacuum energy, matter,
oscillating field or radiation. If the ratio of these components in the energy density is not
homogeneous in space, and their scaling rules are distinguishable, density perturbations
are generated during cosmological evolution. Assume that there is an inhomogeneity
related to the density of the field ϕ, and the inhomogeneity is caused by the cosmological
fluctuation of the field δϕ 6= 0. Then, one can define the ratio rϕ ≡ ρϕ/ρtotal and the
inhomogeneity δrϕ ≡ δρϕ/ρtotal. Note that initially (t = 0) the total energy density is
homogeneous (δρtotal(0) ≡ 0). We are considering isocurvature perturbations at t = 0.
The perturbation caused by the fluctuation of the field ϕ (δρϕ/ρtotal ∼ rϕ × (δrϕ/rϕ))
may be suppressed when rϕ ≪ 1. However, if ρϕ scales milder than other components of
the Universe, the ratio rϕ may grow and may finally reach rϕ ∼ 1 after a time period.
The typical example is curvatons, whose ratio grows after inflation and finally dominates
the density of the Universe before decay. Usually the curvaton scales as a matter during
curvaton oscillation, but in some extended models the curvatons can be associated with
topological defects[17] or hybrid states[27] that do not scale as a matter. In this section
we discuss whether the warm scenario can accommodate the usual curvaton scenario.
Assume that the curvaton ϕ is identified with the warm-flat direction, then the ampli-
tude of the fluctuation δϕ will be enhanced if the warm background is significant (rT ≫ 1).
This causes enhancement of the perturbations, as in the case of the Affleck-Dine field. If
the dissipation is strong for the curvatons, the slow-roll period will be extended because of
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the large r in the field equation. This enhances the “initial” ratio of the curvaton density
at the beginning of the curvaton oscillation, since the energy density of the curvaton is a
constant before oscillation. These effects enhance both rϕ and δrϕ at the beginning of the
oscillation helping curvatons generate the curvature perturbations. However, in contrast
to the situation before the oscillation, the evolution during the curvaton oscillation may
cause a serious problem. For the strongly dissipating curvatons we have to consider a
field ϕ with interactions between mediating field, where the dissipation is significant only
when the mediating field decays into light matter. Since the typical interaction required
for the strong dissipation is nothing but the interaction required for instant preheating
followed by instant reheating[25], the first oscillation will lead to efficient production of
the mediating field near the origin and subsequently the instant decay.10 As a result,
strongly dissipating curvatons cannot oscillate for a long time. The curvaton density can-
not grow during the oscillation. Since the oscillation of the dissipative curvaton cannot
last long, the ratio rϕ associated with the warm curvaton cannot grow during oscillation.
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To understand the situation, we consider an optimistic case in which strong dissipation
(r ≫ 1) delays the curvaton oscillation until Hosc ≃ r−1mϕ. The ratio at the beginning
of the oscillation is given by
rϕ ≃
m2ϕϕ
2
H2oscM
2
p
≃ r2 ϕ
2
M2p
, (2.14)
which suggests that rϕ ∼ 1 can be reached before the oscillation. The curvaton decays
before cosmological scales start to enter the horizon. The curvature perturbation is given
by
ζ = rϕζσ ≡ rϕ1
3
δρϕ
ρϕ
. (2.15)
The spectrum of the curvature perturbation is given by
P1/2ζ = 2rϕ
δϕI
ϕI
, (2.16)
where the subscript I means that quantities are to be estimated during inflation. In the
above equation we assumed that the curvaton potential is quadratic: V (σ) ≃ m2ϕϕ2. In
10We will discuss this issue later in sec.2.2.3 for the inhomogeneous preheating scenario.
11 Heavy curvaton accompanied by phase transition[16] may avoid this problem. Efficient production
of stable Q-balls[17] may also avoid this problem[26]. These exceptional cases are not excluded but should
be discussed elsewhere.
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order to generate the curvature perturbations of the Universe, the curvaton fluctuation
must (at least) satisfy the bound given by
rϕ
δϕI
ϕI
≃ rϕ
[
r1/4r
1/2
T
H
ϕ
]
I
∼ 10−5, (2.17)
where T represents the temperature when the fluctuation exits horizon. Combining
Eq.(2.14) and (2.17), and assuming that ϕ is constant until oscillation begins, we find
ϕ ∼MpMp × 10
−5
HI
r−9/4r
−1/2
T (2.18)
which suggests that warm curvatons may accommodate MSSM flat directions even if it
decays fast at the first oscillation. The result is in contrast with the usual MSSM-curvaton
model[26].
2.2.2 Inhomogeneous phase transition
In this section we consider an inhomogeneous phase transition. The i-th cosmological
period (we call this period a “phase” of the Universe) can be characterized by the scaling
property of the dominant component of the energy density ρdom ∝ a−ni. At the boundary
of the “phases” in the time-direction, a gap ∆ni ≡ ni+1 − ni appears. The local delay of
the “phase transition” is a natural source of density perturbations[11]. There are at least
three distinctive mechanisms of this kind:
1. “Generation of curvature perturbations at the end of inflation[12, 13, 14]” occurs for
a change in ni from ni = 0 to ni+1 = 3 (inflaton decays into matter) or to ni+1 = 4
(inflaton immediately decays into radiation).
2. “Inhomogeneous reheating” occurs for a change in ni from ni = 3 to ni+1 = 4
(matter decays into radiation).
3. “Inhomogeneous phase transition” is possible for the conventional phase transition
in the early Universe[11].
The phase boundary is inhomogeneous if the field value (ϕ) that determines the boundary
is inhomogeneous (δϕ 6= 0). For instance, consider the potential for hybrid inflation given
by
V = V0 +
1
2
m2φφ
2 − 1
2
m2χχ
2 +
1
4
λχ4 +
1
2
λφφ
2χ2 +
1
2
λϕϕ
2χ2 + V2(ϕ), (2.19)
13
where φ and χ are the inflaton and the waterfall field. This is the same as the original
hybrid model except for the additional light field ϕ. Here ϕ is distinguished from the infla-
ton field. Assuming that ϕ is light during inflation, inflation ends when χ is destabilized
at φ = φe, which corresponds to
λφφ
2
e + λϕϕ
2 = m2χ. (2.20)
In this case the fluctuation δϕ associated with the additional light field ϕ causes inhomo-
geneous end of hybrid inflation and leads to δN 6= 0. This is the basic mechanisms for
generating curvature perturbations at the end of inflation. The mechanisms 1. 2. 3. will
work with warm scenario in which ϕ (the field that sources cosmological perturbation) is
identified with the warm direction. ϕ may be a moduli in the string theory.
Compared with the usual (non-dissipative) scenario, the most significant discrepancy
will appear in the slow-roll condition and the amplitude of the field fluctuations. Namely,
if the dissipation is strong for the field (r ≫ 1), the O(H2) mass-term correction from
the supergravity interactions does not cause the η problem for the field ϕ. This is the
first significant advantage of the warm scenario. Moreover, if the warm background is
significant for the field, the amplitude of the field fluctuations (δϕ) will be enhanced.
This is the second advantage of the warm scenario. As a consequence, the curvature
perturbations caused by the warm direction may depend on the dissipative coefficient Υ
(i.e. it depends not only on the scalar potential but also on the interactions) and the
temperature.
As far as one is considering the usual non-dissipative scenario, directions that are not
protected from the O(H2) supergravity corrections are not considered as the source of
the cosmological perturbations. We claim that what is important in solving the η prob-
lem is not the conventional mass protection but the interactions of the field that cause
dissipative motion. In fact, there can be many flat directions that are not protected from
O(H) corrections but can roll slowly due to the strong dissipation caused by the inter-
actions. Moreover, considering warm background during inflation, the amplitudes of the
field fluctuations may not be uniform but characterized by their interactions. Therefore,
the cosmological perturbations sourced by these warm directions are potentially very im-
portant for analyzing the interactions of the underlying theory. In contrast to the usual
14
non-dissipative scenario, the cosmological perturbations in the warm scenario depend not
only on the potential but also on the interactions of the field.
2.2.3 Inhomogeneous number density from preheating
Preheating uses typical interaction given by
Lint ≃ g
2
PR
2
φ2ϕ2 (2.21)
and oscillation of the field φ. Then the interaction leads to efficient production of ϕ near
φ = 0. Assuming so-called instant preheating scenario, the number density of ϕ created
by preheating is given by
nϕ =
(gPR|φ˙(t∗)|)3/2
8π3
exp
[
− πm
2
ϕ
gPR|φ˙(t∗)|
]
, (2.22)
where φ is the oscillating field and t∗ denotes the time when φ reaches its minimum at
φ = 0. The mass (mϕ) of the preheat field ϕ is assumed to be very small near the enhanced
symmetric point(ESP) at φ = 0. In order to create inhomogeneities in the number density
of the preheat field ϕ, the mass of the preheat field must be inhomogeneous in space.
Typically, a light field φl is introduced in addition to the oscillating field φ, with the
interaction ∼ g2PRϕ2(φ2 + φ2l ). Then, the mass of the preheat field is given by
m2ϕ ≃ g2PR(φ2 + φ2l ), (2.23)
which is inhomogeneous for δφl 6= 0 at the ESP(φ = 0).
The light field φl can be identified with dissipative direction, if it has interactions with
mediating fields χi that decay into light particles. The significant dissipation of the field
φl does not cause serious problem to the original inhomogeneous preheating model. As
a consequence, our warm-flat scenario accommodates inhomogeneous preheating, solving
the η-problem for the field φl and enhancing the amplitude of the perturbations δφl when
inflation is warm.
In the above discussion we showed that dissipative direction φl accommodates inho-
mogeneous preheating scenario. However, if the instant decay after preheating is assumed
for the φ-field oscillation, which is the case in the first model of inhomogeneous preheating
proposed in Ref.[5], the dissipative effect may not be negligible for the motion of
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the oscillating field φ. In fact, if the instant decay is assumed for the preheat field ϕ,
ϕ can play the role of the mediating field. Then, significant dissipation is expected before
preheating, which typically leads to the delay of the φ oscillation. To show explicitly
the dissipative effect that may be significant for φ, we consider the potential with mass
hierarchy (ml ≪ m);
V (φ, φl) =
1
2
m2l φ
2
l +
1
2
m2φ2, (2.24)
and the dissipation based on the zero-temperature approximation. The interaction with
the preheat field is given by
Lint ≃ g
2
PR
2
φ2ϕ2, (2.25)
where the preheat field ϕ causes dissipation. The decay into light fermions, which is
needed for the preheating scenario followed by the instant decay, is induced by the term
Lψϕ = hϕψ¯ψ. (2.26)
Obviously, for g ∼ h ∼ O(1), the dissipative process φ→ ϕ→ ψ is efficient for the model.
Typically, the dissipative coefficient in the zero-temperature approximation is given by
Γ ≃ 10−2g3PRh2mϕ. (2.27)
Then the effective slow-roll conditions for the field φ are given by
ǫw ≃ M2p
(
m2φ
V
)2
1
(1 + r)2
∼
(
m
10−2 × φ
1
g3PRh
2
)2
< 1 (2.28)
ηw ≃ m
2
H2
1
(1 + r)2
∼ m
2
10−4 × φ2
1
g6PRh
4
< 1, (2.29)
which lead to simple condition given by φ > 102 × m/g3PRh2, where the motion of the
field φ is slow because of the dissipation caused by the preheat field. Therefore, the
requirement for instant preheating followed by instant reheating leads to a new condition
for the model, which affects the initial condition of the oscillation. Namely, the amplitude
of the φ-field oscillation is not given by the usual condition φ ≃ Mp, but by the new
condition φ ≃Min[102×m/g3PRh2,Mp] that is obtained considering the dissipative effect
caused by the preheat field ϕ.
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3 Conclusions and discussions
In this paper we considered cosmological scenarios associated with the dissipative scalar
fields that are not identified with the inflaton field. The strong dissipation (r > 1) solves
the η-problem associated with the supergravity interactions. Field fluctuations of the dis-
sipative field may be enhanced by the warm background during inflation. We investigated
the possibility that these effects may alter the usual cosmological scenarios associated with
SUSY-flat directions. For an obvious example we first considered the Affleck-Dine mech-
anism, then briefly discussed several mechanisms of generating curvature perturbations
in which the dissipative field sources the cosmological perturbations. Our point is that in
generic situations there are many flat directions that are not protected from supergravity
corrections but can roll slowly due to the strong dissipation caused by interactions with
non-flat directions. The dissipative field is not the inflaton field, but can source cosmolog-
ical perturbations. Since the cosmological perturbations created by the dissipative field
are characterized by their interactions, they are potentially very important for analyzing
the interactions of the underlying theory using cosmological observations.
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A Calculation of the dissipative coefficient at zero
temperature
A key mechanism of dissipative motion, which is generic in realistic flat direction involves
the scalar flaton φ exciting a heavy bosonic field (mediating field) χ which decays to light
fermions ψd. This mechanism is expressed by the typical interaction Lagrangian, which
is given by
Lint = −1
2
g2φ2χ2 − hχψ¯ψ, (A.1)
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where ψd are light fermions to which the mediating field χ can decay (i.e. mχ > 2mψ at the
decay.). For typical MSSM directions, the mediating fields χ are the heavy gauge bosons,
Higgses or scalar supersymmetric partners that obtain large mass from φ. The light
fermions are neutrinos (which is massless in MSSM), fermion supersymmetric partners of
flat directions or any other particles with the mass satisfying mχ > 2mψ.
A significant example[1] leading to a non-trivial flaton dissipation is for mχ > 2mψ
and mχ > mφ, where χ→ 2ψ is possible but the direct decay “φ→other” is not allowed.
Nevertheless, it is not difficult to imagine the physics underlying the dissipation of the
field φ. It is useful to look into these processes involving φ that have an imaginary term
associated to dissipation. The imaginary term is interpreted in terms of an effective
theory for φ, which appears after integrating over other fields. First integrating ψ that
only couples to χ, the χ propagator is dressed, which has a real part (a shift in the mass)
and an imaginary part (rate of the decay). Then integrating over the dressed χ, the
relevant contributions to the dissipative mechanism appear from the decay of χ.12 For
the decay rate
Γχ ≃ Nψ
8π
h2mχ ≃ Nψ
8π
h2gφ, (A.2)
where Nψ is the number of the light fermions, the dissipative coefficient is given by[1]
Γ ∼ Nχ
√
2g3Nψh
2φ
83π2
, (A.3)
where Nχ is the number of the mediatinge fields.
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